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Abstract 

A review ot tne current caaaercial (]^K»pncric 
trie fuel cell syste*r oevelop*ent etterts is 
oresenteo. In botn tne electric utility anc 
on-?"’ integrateC energv system applications, 
reoucing cost anc increasing reliaPillty are tne 
tecnnolcgv drivers at tnis time. Tne longstancing 
carrier to tne attainment of tnese goals, anicn 
manifests itself In a nuirer c» ways, nas oeen 
materiais. Tne oifferences in approacn among tne 
tnree major participants (unitec Teennoiogies 
rerporatien (UT!), eestingnouse Electric 
rorperation/Energy Researen Corporation (a/E(C), 
anc Engeinerc Inoustries) anc tnelr i/fioue 
tecnnoloGical features, incluoing electrooes, 
matrices, intercell cooling, oipoiar/separator 
plates, electrolyte management, fuel selection ana 
system oesign pnilosopny are ciscussea. Aovancec 
researen anc tecnnology efforts supporting tne 
oevelopment of tnese systems are also meniionec. 

6ac-crcu~c 

^c: a numoe: cf years tne POwSpnoric Acic f-t . 
Cel. nas oeen tne leaaing cancicale fuel ct.. 
pc»cr olani syster fcr terrestrial app.icatic-'s. 
Initially, oevelopment fjnes ca^t primarily fren 
electric a-c gas utility sources, fron f-el ce.l 
fenufacturers, anc from tne Departme't cr Defense 
(ICl . Tne emergence cf tne Nation's e'er.^. 
cregra" crovicec ne» cirection ccwClt- 
inertisec cevernrent suppert (c'-ieflv fe 
Deps-tne-t c' Energy (DOE' a^c Te'ne'se »al.^. 

- t"cr;r. *»-■' fcr tne ceve.ocrre-t c* cofmercra. 
fuel ceil po«er plant sysiers; Curre-i,y DOE ir 
tne c'.ef gcverniT,ent sponsor cf tne r,at;cro. F^t. 
‘ell “rccra- . *ne Electric Power Reseoren 
institute lE^Fl) anc ?,ne Gas Researen Ir.stiluit 
<DR;' crcvice suO-stantidl support in tne areas c* 
interest tc tneir respective utility constituents. 

A rnsjer Department c* Energy Fossil E'lerc* 
(DOE'FEi goal is to oisp.ace oil anc natural g.^s 
(premiijT fuels) »itn alternate fuel scnjrces, 
particulsrly coal. O key element in POE TE’s 
strategy fo: acnieving tnis goal is its Doa. 
Tecnnclocv strategy Ocjective tc oeveloc systems 
»nic>- use ccal in a more ecoocKfic, efficient, 
anc e'vjrt imentally acceptarle manner to: tne 
-”'’s anc PevO'c. Tnt DOE 'F£ Fuel "ell Progrni’ 

.s CO”- sona't •:»' tn;s stratec,. 
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In tfye near term, pnospnoric Kio fuei cclv 
poMr plant systems are ocing oevciopeo to quic»lr 
per«trate marMets mnerc significant quantities of 
prcmik#* fuels are usee presently (utility, 
residential, coamercial, ara inousttialy. 

^spncrlc acio fuel cell systems aiii oemanstrai* 
capaolllty to 1) use a variety oi fuels fro* any 
source from «nicn hyorogen can oc deriveu 
(fyyarocartions, alcohols, coal-derivco, nyorciQe' . 
etc.); 2) improve fuel utiliratlon efficiency eve: 
competing systems; 3) conform to stringent 
environmental regulations; ana «) provide imucMe 
features for a variety of applications. In sr, 
doing, pTfOspncric acio fuel cell systems mill mere 
efficiently ano cleanly utilize the presiii* fuels 
that tiave to be used during tne naar-ferm 
fuel-switching transition perioo; iw; providing 
highly efficient, envi r onme n tally benign anergy 
conversion technology, will assist tne fledgling 
synthetic fuels industry (which includes, in 
adoition to coal-deriveo fuels, e«pensive 
unconventional sources); ano, by gaining market 
acceptance for tne fuel cell power plants, will 
assist tne oevelopment of potentially nior 
efficient, less acvancec fuel cell technologies. 

Tne fyjtion*; Aeronautics a^c Space 
Acmrnistratiom. (NASA) trirpugm its Lewis Resear" 
renter, serving as tne D(K Pncspncric Acic Fut. 
Cell Program ueac Cen.ter, is resncnsiplt ter 
carrving out me DCE'FE Procram. tne cveto.. 
ocjective cf tn;s program is tc oe»elcc 
comr<?:cia.iy v.aple pncspnc.ric acic fuel ct.l 
power plant systems to: a variety cf 
apclications. fo: vieclric utiiity v-c incustricl 
application? riu.timegawatt power plant systems are 
appropriott; tc: resioential, commercial, arc 
small inoustria. applications, a^jitiwilowatt 
system? (paitituiariv cn-site mtegiatec encrc, 
systems, OS/IES) are appropriate. Curient^y, 
three major contractors ot contractor teams are 
active in tne terrestria phosphoric acio fuel 
cell fielo oevelooing system? tor tne commercio. 
market: iriteo Tecnnoloigies Corporation (uTC), 

•festinghouse Electric Corporation/Energy Researc*" 
Corporation (h'ERC), ana Engeinaro Industries. In 
addition, tne following major efforts are t>e;nc 
carriec out tc support tne developme-t of tnese 
fuel cell systems; l) research anc tecnncloQ* 
efforts tc dugmp' r anc aavance t->e tecnno.og. 
nase, .’) studies tc ioenti», major potentia. 
aoclication? anc assocrntec enu-ust sectors 
consictrjnc technical, economic, environmentu. , 
legal, institutional, aru. marketing tacters, an,- 
•) wnoiyses to aeti»Hf system configurations, a”*, 
assnc.ateo sySler. anu SuDsyStem periorma'vle a' L 
cost reguiremenis . 

In tri.s paper a review of the status o’ the 
major phosphoric acic fuei cell oevelopme<u 
efforts is preseoteo. In ooth tne electric 
utility ano on-site integratec e*iergy system 
applications, reoucing cost anc increasinc, 
reliaoiiity are tne technology drivers at tnis 
time. Tne longstanoing oarrier to the attainment 
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ot t>wM go«4», ^IcK ■nltestv ttwl' in • r^#Dn 
of Myt. nas dmt mtnxal*. Tna oititrancM In 
•pproacn Mng ttw tnnv najor participanta anc 
tiwir rf^'Qut tact»«looicai taaturas, tnclwOing 
alaetraka, aatrleea, intarcail cooling, 
bipolat/Mparatct platav, alactrolyta aanagaaant , 
Tual aalactton ano >yata* oaalgn pniioloapnv arr 
oiacuaaac. 

•t p(«aant, 6otn yr: mv m'tK ata actaing 
toaara coHwrcialiilng tual call pn«t pianta tor 
t»tn alactrlc utility arc on-aita, intagratao 
arwrgy (OS/IES) mlications. tna UH alactric 
utility progran ia in tna ayataa-tamnolog* 
aawon a tration or oparatlonal taaslMlity pnasa 
•itn a «.a «ai aDOula taat acnaoulao to oe 
concuctac on tna Con Eo nataora in oircKiaai. tna 
ut: OS/IES prograai it in tna onginoattng anc 
aatigr (EftOt pnata ot a praprototypa *0 «a 
tyata*. Tnia it to cultunata in a praprotrtypt 
ayataa varlfication taat anicn aill or co«platr>. 
in aio-iaet. tna ElO onasr iaacs oiractly into • 
Eialc taat o» up to ptaprototyoa ao aa po^r 
plants anc a parallal CoHvrclai Oayaiopnent anase. 

Tha a.a Mk oaw taat rapraaants an aarllar 
crtata ot call oavalopaant tnan tna aO aa 
praprototypa ano, tnaratora. ol tarancas a>lat In 
tna Dasic call configurations ot tna t«o systans. 
Hoaavar, It ia eapactao tnat tna ganeral 
rnaractarlstics ot tna cell tnc stac« tacnnciog> 
tc oe oavaiopac ter cowtarcialirtlior. mil ot ve;, 
sinllar tci Botn apcliCBilons. »cin .lil e<«plo» 
catalyst la>r:s, t»c-pr>ase iiot-ic cooling syste«ri, 
tirrous cartxjn'grapnita call aiana'^ts anc s:nil»r 
reactant seal anc supply svste^*-. tno-gf- sit. .a:, 
s.-wy cotiairatio" Ot various aspects c» tny 
tacnnuogy »iil 5r rao-irec to aociass t'n 
oittarances in ceslgn po«ax level anc oparateng 
concit.c's ot ttf t». apelicaticns. t-ia present 
electric utility system («.6 »*» ■ill eparatr ..i 
s'sOr anc M p*.* over a prctiie tfot . - ic 
tull-ratec lc«c; ’or t >e uitinate conrercial oo«e: 
plant, Current ini-ving py uT; is ic uli.ire ■ 
iartje area cel. operaier at apercviitiite.v aOc'^ 
ano cC tc 1?0 psia. O' tne otnei nanc, tne OS lES 
is tc re oraratec at at«cspne:;c press. re. 

over a lea. p’oMle tree CDen circuit t. 
tull-ratec loac. Tne oeginrinq stages nave oeen 
initiatec ter a<ulti-vaar programs aiitar at 
aovancing octn the Electric utility anc 
O-Sile'Inteoralec Energy Systems tniocon me 
prototype level ot oaveloptnent anc into tnt 
Initial stages ot rcwmerciallrat lor . tiptn t» 
tnese programs aiU provloe an opportunity tor tne 
user comnvjnrty tc Durenase a iimitec proouctior. 
version o* tne coakierciai pi’«e: plant. 

In I't" L)l» (tne<. fKJft' cor.tlacti-. alt" fH' to 
aPily tne e«perience gaineu i/xrer tt>e;: /-vt.«: 

Arm. progra* tc me sim^an^t o.t»eieir 
raquireme-ts c* OS’lts. In i-itp, eh leame. tt> 

• itn aest ingn..,ust tc oeveioc o<‘-site s, stems, ■ 
marriage tnat aooec systen an«,ysis, syster 
oesign, anc maiseting capaiillty to Ct 
elect rocnemicai tecnnology engineer me 
baogroono. Note recently aestingnouse nu- 
proposec a 7-year program tnat aill result m . 
Oeaionstrat ion ot # t.s ma poaer plant tpi utility 
applications. 

Tfye aestinghouse/EiC cm-site program is at tne 
point anere most ot tne enar>ling elect rocnemi cal 


C Mponant twttnology nan Man otytiopec. 

^marytly, tM tlactrocMBical caaponants ate 
Ming optiBUro tor cMt m> llta, basic oasigr. 
ano PMaieppMt it progtaating tor otMt poa«: 
plaw coapenants ano »t initial syataa oesigr 
affort la caapiete. Ttta aoat trtlQue 
cnarartatiatic o< tM a/CMC poMt plant is mat 
one of tM reactant gaaaa, rotnar tnan a liouic, 
la uaeo as tM atac> coolant. In tM gas cocl!% 
acnaae, tM air faao atraaa ia aitnax apiit insl» 
tM aanifoio into a taactant atraaa anc a cbc.a*: 
atream mnicn tloa indapanoantly tnrougr tM tut: 
cell stack ano ate aergn In tM e«it aanltolc, ci 
acoarata reactant anp cooling atreaas arc 
aaintaineo. tm firat gas cooling vatiatlon 
baen Callao Oicas (atanolng tot oistricutec gssl 
by EC. In aocition, eatemai teplonlataenv ot 
tM acid aioctroiyta as mall as a cc oaao o stior c* 
volyae changts outing oparation nas oee- 
incorporatco. 

aestingnouM's aooroam is to oavalop tM 
OVltS to M aole to aatkat not just a fuel tc 
electtic conveisior- oevica. Out a total 0Mig> 
aystom tnat mill s«49ply all tM space 
conoitlonlng, mattr naatmg, ano alactric poaar 
requiraaants for a rtaidantial or ccaatrciai 
application. 

tm Mstingnouse utility program la at a point 
■Mre only a rougn concaptual oesign baser o" 

CICAS cooling anc an evaluation of tnls ocsiv- 
nave bee^ completec. TM results of t-is 
feai-tunoeo stuoy snovieo DlWf c.^li^c tc oe a 
feasible metnoe of po»er plmi cooling anc tn«*. 
me pc«er plant performance anc cocll% lecp ccs:» 
■ere estlmatec tc oe satisfactory. Os i>- me 
■estingnouse'EH.' on-slte program tn« cocling 
memoc to Be usec nas not ye', been oetermine:; s 
progiar is no« jnoer»ay at E<f to e»perl"c-'t«..* 
Determine t^e merits o' DliJaS ys. seoaratec gir 
cooling. 

£npe.’^arc contractec Bitn DOE in 19'6 tt stwC. 
several fuel cell applications anc tc oe«el:c 'ut. 
cell stac» tecnnology. Tneir previour espene-'Cr 
incluoec builclng fuel cells tor an Army lift 
trucs jevelopment program., anc Ouilcmg a's. 
mDiseting laboratory -Sire oemonstrat;. 

fuel cells. Tney also nave an Army-ty/yoec tue. 
cell oevelopme-t contract. Engeinarc nas 
oevelopment stack components, anc is beginning tc 
oetme attractive app.ications in preparation of 
an OS'lES system conceptual Design effort. Tn« 
component oevelopment effort n«s resultec in 
several tx^iqur approacnes to fuel cell oesig'. 

One area of innovation <s tnei: Dipolar plate, tne 
Device «if'lcn separates anc Directs tne flo» c* 
reactants as jt cirovioes electrical conouctim 
tyetBee- inoivioual cells. Tne convention*; 

Mpcla: plat* is a srig*e Piece c* concuct.ve 
materiel •itn rea. tant tio» cnannels eif'e; mc..'e.' 
Of mac'^ineif cvi eitne: sioe. fngel'yarc's approa." 
is to split tne bipolar plate into tnree sections, 
an impervious center section (for reactant 
separation), ■itn an open cell foam section, »itn 
or Bitnout channels, on either sioe i*or reactant 
tlo»'. All sections are maoe from organic 
precursors tnat are grapnitirec tf^n oensitiec. 
This process Is very compatible altn mass 
proouTtlon anc promises ccmsioeraoie cost savings 
Over one-piece, bipolar plates ■nicn asisi be 
inoivioually moloeo ot macninec. EngclBarc has 
also cievelopec a loa cost cooling plate mat can 


oe i*kjr 3 t conventicnai ■ateiiais «nc t«Dtic«tca 
using conventional fumac* Drailng twnnlQurs. 

The coc<ant is a olelectric liqulo. Tnla cooler 
orfers potential coat roouctlon over other liqulc 
ano fOulllent llQuio coolers. A coaplete i m 
poMr plant IncoiporatlnQ a aethanol teroiaar tpe 
a utility grlo coepatlole poaer processor has Dean 
built ano testec. Aclo ■enagee e nt capeolllty that 
can accoeaooate voluw changes ourlng traralents 
as sell as aclo aooltlon as naeoeo nas iwcn 
Incorporateo. 

Wtospnorlc aclo tuel cell technology anc 
oevelopeent efforts for Doth the electric utility 
ano OS/IES applications are olrecteo toMrd 
reducing cost. Increasing perforeance. Increasing 
life, anc laproving rellaDlllty. These, in turn, 
can oe reoucec slaply to cost and reliability 
goals. In the technology area, the aost wesing 
prooles, the longstanoing barrier to the 
attalnaent of these goeis, na* been aster lals. In 
the cell catalyst layer, the carbon support KiSt 
resist oeloative corrosion e^iie tne catalyst KiSt 
resist olssolutlc^ anc sintering at tne operating 
teaperature, pressure, ano potential. Both cell 
ano fuel processor catalysts «ist possess 
sufficient tolerance to fuel contaaloants. The 
cartxm/grapnlte cell ano stack aaterials oust 
possess just the right coablnatlon of structural 
properties. The seals aust seal aell, be durable, 
anc not contaminate. Hetal parts throughbJt tne 
system aiust possess tne right structural ano 
tnerinal properties, anc also be ouraole. rinaily, 
all materials ayjst be cost effective ano be easy 
tc nanutacture. It nas bee" very cifiicuit to 
fine anc tc develop aaterials that cou*o aeet, 
simultaneously, tne cost anc reliability goalu. 

■'he aporoacn to solving these problems nas 
Invclvec technology oevelopnent extorts guioec b. 
system trace-o»t stuc'fi. 

beyonc natenaiS, a ci'ticult problem nas oee- 
tn< ar;:!*.) tc crcvice tn« ce-i stac- aitn 
Sufficiei't electrolyte to attain a cost etrectlve 
‘‘tec- oocratic'-. Ir «*-.or fcllo«s somit o* tnese 
;S5.*£ anr tneir resolution oy eacm c* tne aa^or 
contractors vill be oiscussec. 

ur.’tec TecnnoloQles Corporation 
Zell Structure 

The ajvancec ceil structure concept coamunly 
cailec tne "paper" or ifrtegrai riooeo substrate Is 
u'T's aorroac' to ioeer ng cell system cost anc, 
siixltanecuslv . increasing electrolyte capacity. 

I' bsrt. tne cest reouctior^ is orou^t about by 
the sucstitution cf a 2-3 day process in place or 
tne convent lOTol 2-eee« mpicing anc Curing process 
■nicn produce* a compieii Oipolar/separator plate, 
ftsidt »rom De;ng comc.mn, tne mcloec processing 
metnoc places a limitation or tne sire o» the 
plott tnat Co' pt fabricated, tiimurioiing I'le 
sire constrai-t or tr.e cell structure tnerer, 
prcvides the ocssib.vit, to gc tc a large: ar'c 
more cost effective cell. 

Tne vTiiQue features of tne Integra, ribbed 
substrate concept are; 1) replacing oitn a simple 
impervious flat plate tne comple* 

Dipolar separator (t»nicn normally contains a 
riobec reactant fioo field on either side 
perpenclcular tc eacn other); 2) transferring the 


ft/«tian of Mcn solio riObec fiom field onto a 
rllMd poraue element anich, after oapoeitloh of 
eetmlyst on one aide, b»te»e s like an electrode 
end ehicfi it alao detlgnad to act at an 
electrolyte reaarvoir. rigure 1 illuttrotet the 
dlffcreneet D e ta e o n the ooIdM cell ano tne rlbbeo 
aubetreu call approach. 

At p reeent the riobeo aubttrate it faoricttao 
in three etapt. A Diana of corDon fiotrt anc 
retin tre 1) oMe into a preform, 2) graphltiaeo 
and 3) ■Iliad flat and rlDDae in ■ tingle pett cut 
on a milling mtcnlne. in the ultimate tneae three 
opermtlone algrit coneelvoDly oe incorporatec Into 
a tingle, eutonetea matt production process. 

AlODed aiAitrate manufacture, khich can oe 
generally cnaractetlieo at a pap er i ^lng type 
procett, lanot itaelf eatrwely ecll to tne 
eoaptatlon of aott automation techniques. 


Mip her Teapereture ano Pressui t> erttlon 

Quantitative att* on the performance increases 
oue to higher tertcreturc (37^ to *23<V) anc 
to nlgoer pretsure ctieration (SO to 120 ptt«> nave 
Dean oDtalnao. At InttUl tine, an eaprettion sas 
oDtainad for the effect of r eo c ten t preteure 
Change (15 to ISO ptia) i 4 Mh lA-rree cell voltage 
of a cell operating at a constant 300 ASF. 

fltceil « t)s log P2/P1 ( 1 ) 

■here P is reactant pressure anc 0 ^ it tne sv#- 
of tne anode Nemst (themodynamlc) effect anc 
cathode Tatel slope (kinetic) at tne given 
temperature. 

At 120 psia, *00<^, 375 ASF, 2" m 2" 
subscale cell: nave achieved an initial 
performance Increase of up tc 90 mv comparec to 
older type cells operating at 5C psia, 375^, 
ano 300 ASF. Houever, as eipecteo, tne nigffei 
temperatures anc. to a lesser eitent, pressures 
alsc cause an acceleration in tne decay rates. Im 
the lT: po«er plant system, increasing pressure 
■ithout increasing temperature is not possible 
because of tne interoepenoence of cell coolant anc 
reformer conditions. Progress has been maot at 
reoucing tne snarp cell performance decay rate 
occurring during nigh temperature and pressure 
operation. The rate of decay nas been reduced 
from 60 UN per 1000 hours to approvimately 12 mv 
per 1000 hours, vnicn is tne « a t* decay rate at 
50 psia. (See Figure 2) 

Recently , 2" » 2" subscale ce.is nave been 
successfully tested at 120 psia anc kOO°F ter 
periods of up to 2000 hours at performance levels 
90 mv higher than the performance projectec for 
the A. a *a», 50 psi ana 375°F po»er piant. A.s^, 
over the 2000 hour duration the performance oec»> 
matched the appro»imatt 12 mv/iOOO hour decay ratt- 
of trv A. 8 m projection. (See Figure 2' 

Fron t'»e overall plant standpoint, tne ootnkjn 
pressure ano temperature depend not only on stac> 
tecnnology ano oevelopii>ent , but alsc on tne cos: 
ana performance implications upon balance ot 
system (turbocompressors, neat exchangers, piping, 
etc.) 
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Inttrcfll Cooling 


>CSTI»OOUSE/EWC 


T«o.pr«M Mtvr cooling It tnt attnoo usm. 
ThlrwMlltd, ?-p«t$ copper tubet altn tttlnlttt 
ttael noAdtrt ore the latest oetlgn. The acid 
envlronaent requires the copper tubes to be coateo 
•1th • thin Ttflon protective file; however, this 
reoice* heet trens»er soevwhat. The chiet 
oisaovantage or these mterccii couleis is then 
relatively high cost. The probability or cooler 
failure due to penetration or tne rile anc 
subsequent corrosion of the copper has not yet 
been establlsneo. Howver, consloeraole test tree 
has been accueilatec on partial stach (2a calls) 
anc rull stack (270 cells) testing so as tu 
provioe an acceptable level of conriotnce In tr« 
reliabiltty o' the pretartive rile. Tests up to 
13,000 hours in ourctlon have been T\r* on partial 
staCkS anc 200C nours nas been aenjevee or a roll 
J'TO-cell ateospheric pressure stack ■ithout any 
cooler tuoe rai lures. 

tlectroors 

Priaary focus has been on inc cathooe. 
Stabillration of the carbon support of the Pt 
catalyst via heat treataent has been one laportant 
effort. This is especially laportant for the aO 
ha systee which e»perlences swings to nlghei 
potentials, investigation Inclcatec that above 
iOO "V cathoor losses attiibutarlr in great 
aeasure to osjoative corrosion c* tne C suppert 
occut. Other oatnoce treatar'ts b» are alvei' 
Clrectlv at the ft ratalyst to enhance activity 
•ithcvt sarrl’icJhc staMlitv. aect^r ■<••• 
Inclcates progress in thji wor* »s 

belhg erne to orveloi' ahc opti*i.*e the catalvst 
lavrr 'or •'Igf teex^iature an,- press.. re 
operatior . The siopcit carbon is beihg starulire.' 
tc lnr;p‘t coti'-sicn. the wetproc'ihg ir orint, 
crf.eire.' to "'inieije oi»r.iSipn lo^se!., anc 
teohnij,jes are Peine cevelroe.- tc iisprcvc thf 
activity c* p.a? mur. 

w;f teta. electr.^cie loa-'.n^ :ex*.« t. 
approvimale.y 0.T^ % C~ , tnr -n cost in r'-e 
»uel cell syitr* has bee> reoocei: to lesser 
lapcrtincf tha- years ag. ■“'e unsjppcrtec 
eiectrocatalysts were useo. Ht.,Bever, the recent 
Sharp rise in pi cost coupiec «itn *>0% lowe: 
power OensUy operation tot the *0 «w svste«t' ' 
versus the uw system nas increase, the 
ifoortance ot eiectrucatalvst cost paiticularlv 
for the Ob Jfb systen. 


Probably th« post laportant Innovation or tht 

tachnology prograa Is the gas copllng aathoc. 
(yic of thaao, tha DIGAS aatrvoo (Mt Figurt 3) 
dlstrlbutas proctas air to both tha cathodas (via 
bipolar plates) ano to apacial cooling platan. 

The total aaovnt of air that Is rtqulrao for 
reaction plus trvat required toi cooling is 
svpplicd to the air Inlet aanifoio. Tha air than 
flows through the cell via both tna cathooe tiow 
(cathodic) Channels of the bipolar plate ano the 
channels of a aptclal cooling plata. All of tne 
air la colltcted in a coa eo n tilt aanltolc eng 
flows to an aiternal loop wrwre naat Is raaovec, 
soae of the oiygen dapleteo elr Is purgec anq 
fresh all Is eoaeo such that steeoy operation is 
aaintaineo. 

Since the cathodic channei' or the bipolar 
plates ano the cooling plate chuvinels arc parallel 
paths for air. the flow split Is oeterainec by tne 
relative cross-sectional ares, hence relative 
resistance, bf the catnoot ano cooling cnanneis. 

A typical design Is • 10:1 split with three tines 
the stolcnioaetrlcally required anourt (3 stolen) 
of cathode going to the cells ana 30 stolen 
pas going to the cooling plates. 

Table 1 displays EAC's coaparlson of OICAS sno 
separate gas coo.ing to the two other coaMunly 
arceptec cooling aethoPs, process gas cooling anc 
liouia cooling, prrforaeo oroer contract tc 
Tne estiaates are baseo on salectec 
conflguratlona of the three cooling •rtnoos. K* 
effort was niaoe ic optlaixe any of tnea; noweve: , 
all systeas are reasonaole anc are consistent for 
corsvirison purposes. For any systae cnote' oy a 
particular wunu* arturer, soae optiairation cf t^e 
values presfi'.i ;n Taole 1 aav be a*pectec. *ac' 
cf the svstrv featire coaparisc>ns will no» be 
Oiscussec. 

*onsttuCtlon Siaplicity 

OrJiS cooling is relatively slncle. Oeoencing 
cr sta.'v operating conoltions, at reg.ia; 
intervals a ccroli'X plate is aooec tc tne stac- cf 
cells in tfv> sww wanner ss a bipolar plate is 
staeve.'. Nr special aaniroiolng, connections or 
seals are reuuireo. 

Process gas coding is tne siap.est cf all. 
there are no special cooling plates or stacking 
procroures neeoec. beverai l»>«s the 
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stoicMoxtlrlc requlrtw^nl o» cool air it Mpplltc 
to tf» stacik. All tf» lit tloni tnrnj^ tn* 
cathodic chamois oi tho Dipolar plate. U**' 
a«itlf^ the slach, the air car De ¥W>lao ot 
racycleo as In tt«t DICAS arthoc. 

Sn>i<iate Qa*. cuoli'V), Un alternate to 
neaps the cathodic reactant alt separate ito» the 
cooling aystcat gas (air, neiu#, etc.), this 
inproves electrical perroraofse m tc nl 7 «r 
corcentratlon o» the cathooe as aell as rachiclng 
the neeo tor acid resistant neat eacnangers in tne 
cooling streatn. 

Liqjlo cooling is oy »ar the aost coaple* ant 
eapensive. It Involves passing a liquid coolant 
through special cooling plates inaertea at regular 
intervals In the stac*. The coolr^'* aay rsMin in 
the llQulo phase at all tl»es us.'-; only Its 
sensiDle heat to cool the stacn, or tne coolant 
•ay partially vapctiie using latent neat for part 
of tr» coolir^ loao. tne coolant ^t oe either 
separately aanifoidec or stpply lines »<st oe 
coniecteo tc each inoivioual cooling plate. 
Stanoard neat transfer asterlals. si*h as copper 
or alkJilnua, are corrooeo by pnosprwrlc aclo ano 
i^t oe protectee If tney are to oe irteo. 

Styfoaro, inevpensive fuel cell aatetials s»«h as 
graphite or grapnite/resin conposites present 
difficulties in sealing anc eaning connections, 
finellv, the liQuio itself anc coclant li-^s. if 
electrically ccnouctive, pro»ior a possirlr 
Shorting path ii the cr.. ishwri currents ehich 
result in parasitic losses) ehich ^st oe 
elhirirec. Ih the t»c-pnase »ate: co-iing 
methcv- vatei treat.«ent is recwireu. 

Elf.-ircly’-y .css 

Since the »aocr press-re o’ phcsi-cric a^i^ 
hence electrolyte loss' Is a vea* fi/yctlpn r' 
te-rersture. the naln ronsioeration here x«^ tnr 
anpint o’ gas f loving past the eiectiooes tc carry 
r»* electrolyte. In octh gas anc liouic ccc.ihv 
"ethcer, a snail e»cess cf reactahts ’*o» pa^t the 
e.ectiooes. •Mlt i~ a process gas cociec stac- 
all ?h, coding *;r ey^st pass the eiectrooes. 
y’tocess gas coc.ing n«s the highest electrolyte 
loss vhich translates in*c tne shortest life or 
tne Shortest nr an ti«e Oet-een electrolyte 
redehlshne^t . 


Welia: ility 

fy: gas cooling, reliaoility is hi^ since 
there IS nc special cooling fluio anc no coaclet 
•ahi'cioir^ or connections, fapst air leavs cou.c 
or ignorec. c iea* m the stac* liOoio coding 
SyStee couic cauS* a shi.toov'- Bhile the iea> vas 
repairec cr t’w Defective coo.ing p.ate repiacec. 


■aterials ano ronstructlon probiaa>« p? llguic 
pooling. 

total Olffarantial l—tiatme 

this cen cer na t«*drttur* grodlonts acroas a 
furl cell statii. The total tapper ature 
difterefftlal, a1, Odta— n «ty teo points m the 
•taoh contalna too coaponanu, a at m tnt staca 
direction (pacpendlcular to ootn reactant r: .i 

anc a At in tne flee dlractlon (parallel to one 
reectant floa). It 1» lapertant to aalntaln the 
Btaoi taaparature eltnin a fairly narioa oano. If 
tfw taaparature drops too lo», CO poisoning of the 
catalyst pa c caw s a prooloa, ano If tnt taaparature 
Is too nigrf, tne operating Halt of tna stac« 
aatcrials Is eacaaoed. a eoBaoniy acceptec 
oparatlng range Is oe t aaen 5X) ano aOO^. Since 
every cell Is cooled aquelly In tne process gas 
aethod. tnare Is no stac«lng olfaction c oap o nr't 
of tne total aT. also, since tne coolvft oiftctly 
contacts every cell, the Inlet ares Is coolac eite 
than In other aetnoos; this accoi/fts tot the 
large aT in tne rlov direction. For ootn tne gas 
and liquid cooling aetnoes, the seat nuaotr of 
calls oa t naan cooling plates Is aaaiMO. Tnis 
sets the stacking direction at at 19^ for Both 
systaw. The difference In rioa direction at 
results froa tna dirrarances In liquid anc gas 
heat transfer characteristics. 


Total au»xiiA:t f»o»er 

These rt 9 ulre«eht$ art aaioly a fyretion of 
the anouhi of coolant clrculateo anc the 
cross-sectiana, area of the coolant pastagts. As 
espectcc, the poMi reoulraaants for p«e<ping a 
liQuiC coclsht is quite saall. Slr^e all the 
cooling air flovs through the catnoolc cnannels cf 
the Diocla: plate, the pcmt reoulrancht is quite 
large for the process gas aethoc. Po*ei fox th< 
other t»r gas systeas lies Dttvecn the tvc. fhe 
sane ancs/'t of gas De circulatec through th* 
slao as in the process gas aethoc, Dut a iarce 
fraction passes thr»j^ the large area cooling 
plate passages. 

Pressure Drop Across lei. 

This Is a fmetion of the aix flea through tn* 
cathodic channels of the Dipolar plate. Tne sa-h 
aaoLTt o» cathooe air is reouireo for ootn en*. 
llquio cooling, hence the aaae pressure orop. The 
high pressure drop for process gas cooling 
reflects the hi^^ air flo« rate required throogn 
the cathodic channels. 

Based on the above corsioeratlons, E«C n*> 
cory;,uaed that the gas cooling concert offers the 
tyest conpru«;se oetveen relivo;,it>, nfe-cyciv 
cost, and heat recover,. 




t«tcrhvl Me«t £«rhahu. 

Meat reccyei, is oy fax oest vith • liquid c: 
Iny-pnase llguic cooling syste«. heat recovexy is 
possiDle, though "crt Olfflcult, vitn either of 
the xecixculatlng aix cooling systems. 

.'ost lonparlso’ 

This Is an estlnate oasec on aatexials useo 
anc construction caaple«lty; It reflects the 


aestingnouse has recently naoe a ■£,!» petei<ec 
sluoy of gas cooling. UHiei 001 contract' 
they oevelooeo a li«peo parawtex fuel cell slac» 
si^lstipn code that calculates reactant gas 
coNposition, currcnt’voltag* characteristics, anc 
heat transfer characteristics for a gas-coclec 
fi*l cell stacM. In the aodel, the cell area is 
broken dew' to a grio o* finite clsavnts so mat 
powr and heat generation can De cslcuiateo es 
fmctions of teaperature ano reactant coeposition, 
as each varies fro* point to point in a cell. 


S 




A$ olKwswo pTVvioufly, or* Of tn» aojoi 
OTMMckt of gos cooling is • nigntr total 
dlfftrontlai star* to^soratort tna^ tnat of ilouia 
cooling, •aatin^wuta U pmantly roanlgnlng 
trw gas cooling plates in an effort to reoucr tr* 
differential taverature. nnults of tne 
siistlatlan sho* tnat a Differential 
taaperature can oe acnieveo eltn proper or*lgn. 

Tftla CM* close to anat can ce acnieveo aiti< 
liOJie cooling. 

aest ingrtouse e>panoec tneir conputer acxjrl tc 
include sibilation of tne otner supsystaas in tnr 
fuel cell poMr plant tre total energy syste*. 

Tne aooel includes perfortasnee anc ecorxinic 
calculations, traoe-offs nave oecn «aor tnat 
optlaice tne total energy syste* as a vnole ratner 
tnan optlalzing Just tne fuel cell poi*i plant 
itself. 

for electrolyte asnagenent ar aclo 
raplenisnaent syste* nas ocer tx.ilt into tnr furl 
cell staCH. Tnis systee vlll alsc actca^;xtr 
acio vol^ cnanges Oue tc cifterlng ooerating 
conoltlons. 

Tne oaslc stacv c onpone-ts tnat arr usec in 
tne on-slte syste* vlll oe usec for eestlngnousr's 
electric utility po«e: plant, anc lihr UTC 
■est Ingriouse plans tc oceratr tnr oo»e: plant »t 
■ooriate prrss.-rr. r::st yrar's vc:* ai.l 
centr: on t»c areas, f** »ust vill c* to oettrr 
define tnr pc«r; piant o» ae»rloci'v; * conicrr'.-a: 
design, inducing traor-cfr stucirs. iraoing tc a 
preliffinary soecir^oation ano s orogri* 
reodre*enis oociee-'t. f** ot^rr are.- cr ac:- 
a;ll or tc evatuatr tnr or>-sitr rud ce.. 
conpcnr'ts, ir»duCl% coding syStr*. at t"t 
nignrr tcaperaturrs arc orrss..:rs laver 
consjorratlcn anc tc orgi"' an> ternnc.r;. 
oevriopr*' t as reoulrr. . 

fcnge.-arc InOusttlts 

Tnr iTlaue feature* c’ t^e £ ceinarc JS' lES 
effort Current;, art 1** t** fclic-aing arras: 1) 

orvrlcp"*nt c* a 'je. concitic»*r mat ai,. 
operate on mrtnancl tor:'; 1 nc.el 

bipolar date apcroacnrs; '' Ik^-ic intrrceil 
cooling; anc 4^ natrJ' an; rtrctrolyte transper*. 
resrrvclr trenneiegv. l' m« current tac-year 
contract aitn OCE''' tnr e.ectrOi.jtai»sis tas- 
is solely fi/yjec Oy Engrlnaro. mr.-efore. V* 
details of an* triQi* oe»elopne'ts art proprietary. 

fuel Process In; 

••mancl ai.. or irnia:i* user m tne 

Engrlnarc CVIES. (Tne furl ennse* *cr t>ot' t'-e 
L'TT anc m-'iH. us It; crrgiae”. .as latoia. gns.. 
•artnanci srlectio" aas oasec *pon its pro.iettei' 
availacility *!o<f .oa. i* t** .•»"< ti*« frai*! . •« 

y k« aetnanol furl processor nas ore- ennstruette . 

Bipolar Plate* 

In tnr stack area, tvo nci*rl Oip>. .ar 
approaenrs appear premising, unorr suocontract, 
Pfizer is developing cneeically resistant cattxm 
(vitieous carbon ano grapnite) structures starting 
■itn rrticulatac vitreous carbons or dctfis. One 
of these structures, me so-callec t elrvimt, is 
laperaieapie to gas tiansocrt ano ail i serve as tne 


bipolar saparatot Plata connacting t«o adjacent 
cells. See rigure a. (|n tne UT rlPDoo 
substrata Wagrai coll concept, tnis is UTt’a 
tapurator piatt. > The otner structure, tne 
so-celled A tiw e n t , is porous to ptnut fuel or 
oalditet transoort to tne electrocneelcslly active 
electrode eroos (anlcn could be on tne a 
ele mt il. Crapetlte structure uelng bfiier's 
cneelc.il vapor dvosltlon tacnniQues are being 
utillno to nelp produce tne requlrcc orooerties 
in both A and 6 alaeents. Tne resulting Dipolar 
piste consists of s • eltesnt senoaicned botvoce. 
tac A clseents. Electrolyte storage can pe 
eccoa w cio a teo in tne A eieevn; . 

In tne eecono approacn, tnin grepnite pistes 
are sapsrstco by s gss-Mpetaeabie layer of a 
cncaically resistant aetcrial (suen as grapnlta) 
tnat peraits satisfactory alectticel anc tnera«l 
ronourtlvlty. Grooves in eacn plate «111 per*it 
reactant transport. If tfw grapnite plates art 
oorous are connectac sultaPly to tne eettla, tnay 
can prcvioe ar clsctrolyta resarvoir for eairla 
replcnisfwent or for overfloa voli««s tesulting 
fro* Changing conolt ions (voltM tolerance). 
Several proadsing aaterlel cceBlnetlane are mar 
test. Tne Engeinerd/nflwr bipolar plaU approach 
has soar aspects In coapon altn tne UH rlboco 
substrate Integral cell approacfws previously 
discussed. 

mtercell ?00ling 

i brief oiscussion of tne llouio intercell 
coclinc approacn OTploying a olelactrlc fluic, tr* 
Engelhard aetnoc, vas discussao previously in 
connertior .itn tne aestingnouse/E<C cooling 
bjorcac*’. Tf* Engelnarc design Metes use of 
baffles to provide gpoc neat transfer contra, yet 
is designee fo: ease cf fabrication. Tne 
protect ion of tne a.iyfiirx#> cooler sc It Mill nglc 
uc *01 t** five yet: stso* ll»e goal <roar me 
corrosive acic environeent of tne fuel cell stac- 
is oelievec tu oe solved vltn suitable sea.s. 

«»a*. ! : » 

Tne na*.;i> effort einpnasirrs Materials capable 
of operating at tcMperatures up to aOO*^r anc 
construction that results In gooc electric anz 
mernal conduct ivlty . gOCO transport (flOM) 
Droperties, ano satisfactory reactant crossover 
resistance. A tnin Si* -fluorocarbon aatrl* tnat 
incorporates gooc electrdvte transport is 
laeinatec tc eacn electrooe. 

Ele c trolyte ManagcMe~t 

Ar acio repienisne*"! systee *>as been Ouilt 
inic the stai«. Acio vol*^ changes are alsc 
*>an.’,,*c Py mis Syten . 

Aovancec kesearen anc Tecnnclog* 

tne current focus is on iMproving tne air 
electroOf icainooe), vnere Most o* tne fuel cell's 
inefficiency lies. iMprovec catnooe 
elect tocnewical activity vouio permit either 
greater electrical efficiency or nigner power 
density at tne present operating tenperature, or 
tne option ot the saMr efildency fine power 
oe*'sity at lower operating temperatures. Lower 
temperature operation coulo oe oeslraole in order 





6 


« 


to Iu>vr noterials costs ana tc increase ceil 
life, anotne; goal is to Mnc a SuitabiC, less 
e«pensl»e relact^ont for tne piatifx^ (Pt) 
catalyst eater i Si. 

Specifically, lAJt-sponsorec research is Oeing 
pursueo in tnree areas: oeveloplng a ne» 

non-plating Klio electrocatalyst (reoo«) 
aMterial (2) opti*iring tne electrooe 

aanufacturlno process tnrougr' a paraavtric 
investigation of electrooe coeponent Materials anc 
teennologv, anc (3) using tne present 
electrocatalyst ,p*) m aays tnat are mere 
electrically ffflc «nt, staolc, anc resistant to 
pclsonlng.flO ' «(Dst 0* tnis researen is being 
conokctec eitner Dy ueall private coMpanies or at 
gcvern»ent or nation* 1 laos. In aoc^Uon. in tne 
coMp,e««^tary EP^l-sOv-nscrec program *1.1/) 
alternate acic electrciytes are cnoer 
investigatior . 

ToncluCing Ben^.r-s 

As part of tne nation's energv prograe, tnree 
Major contractor or contractor teams (UT:, 
aestlngrtouse/E'C , anc Engelnaro), active in tne 
terrestrial pnospnoric aclo fuel cell flela, are 
receiving governoie't Support tc oevelop coMMerclal 
fuel cell porr*er plant systems. Bot- tne UTC anc 
»/E>C are •cr«ing toaarc cnmnerclali/ing fuel cell 
Do«e: r'.a-.ts fo; octn electric utility anc OS- 1E£ 
act.icaiions. £ncel’'a:c is aocresslng onl, t'e 

ns,; . it- 

■'•.le si'i.a: ir na-, rtsce ts. sigciTicant 
tec — c.ogica. an^ syste* Citferences e»;st anen.. 
t~e tn:te contractors, tnej,. inier-e.. 

coclinj, oiocla: 'secaratcr c.att, e.ectrciyte 
wa'iaQe"*'t, mate: -o.s . 'j- 1 selection^ anc syste" 
aesigr p-iiosoo-'/. “"cspncric acic toe. ce,. 
tecnnclcc, ■ oe.e.cr"e' t ?*rc:ts oct" tne 
•.ectri: jtilit, a-c CS I££ aoc-icatiers are 
c.:ecte„ tovarc reCwC;-; cost a'c rncreasi'-c 
relrar.it.. '-'e Icn^sta-ci-'g rarrre: tc 
attai''i'e't c fe^e gt,a.s, -a'.’ests itse.’ 

i" a njr:e: c* va.*, -a' cee' "■at-r.als. 

y acc.trc. *c: *-e eiert*;: ,.;.-;t, 
acolication, un ic >.:soinc nigne: temperature 
anc pressure operation anc jc tc 12j 

Dsia'. Tne initial oer'crma-ce gai'-s Oue tc 
“iO’e: te'c< ratuf ana p-ess.re mk,st re oalancec 
aca ns: pcssirle sncitc^r .:*e .is ve.i as tne cost 
anc nertcrmaice .mc;:cat;cys uiicr tnp oa.ance c* 
tne syste-. 
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Figure 1. - Integral rjbM substrate cell characteristics. 
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Figure 2. * Improvement in high temperature and 
pressure cell performance stability. 
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Figurt 3. - Distribulid-^ (DICAS» cooling syslM. 
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Figured - A-B-A bipolar plate construction. 



